These experiments examined the development and persistence of methamphetamine-conditioned hyperactivity in Swiss-Webster mice. Experiments 1 and 2 examined the development of conditioned hyperactivity, varying the methamphetamine dose (0.25-2.0 mg/kg), the temporal injection parameters (continuous; experiment 1 or intermittent; experiment 2), and the comparison control group (saline; experiment 1 or unpaired; experiment 2). Experiment 3 examined the persistence of methamphetamine-conditioned hyperactivity by comparing mice 1 (immediate) or 28 (delay) days after drug withdrawal. In each experiment, several behavioral measures (vertical counts, distance traveled, and velocity) were recorded and temporal analyses conducted to assess methamphetamine-conditioned hyperactivity. In experiments 1 and 2, it was found that methamphetamineconditioned hyperactivity was (i) dose-dependent, (ii) detected early in the session, and (iii) detected by a behavioral measure indicative of general activity (i.e. distance traveled), and (iv) varied as a function of the number of conditioning sessions. In experiment 3, it was found that conditioned hyperactivity persisted for 28 days, though was weakened by nonassociative factors, following methamphetamine withdrawal. Collectively, these results suggest that conditioned hyperactivity to methamphetamine is robust and persists after prolonged periods of drug withdrawal in mice. Furthermore, these results are consistent with an excitatory classical conditioning interpretation of conditioned hyperactivity.
Introduction
Repeated administration of psychostimulant drugs such as amphetamine or methamphetamine results in an enhanced responsiveness to the drug, a phenomenon known as behavioral sensitization, and reflects, at least in part, the unconditioned (i.e. pharmacological) action of the drug (see Robinson and Becker, 1986 for a review). Furthermore, behavioral sensitization following repeated psychostimulant administration has been used extensively as an animal model of drug addiction (for a review of preclinical animal studies see Vanderschuren and Kalivas, 2000) and theorized as a neurobiological process that underlies drug addiction in people (Robinson and Berridge, 1993 ; see Robinson and Berridge, 2008 for a recent review of the incentive sensitization theory of drug addiction).
Numerous subject (e.g. strain and sex) and experimental factors have been identified that influence the development and persistence of behavioral sensitization to psychostimulants in rodents (see Robinson and Becker, 1986 for a review). The training psychostimulant dose is one such experimental factor that influences the development of behavioral sensitization. Generally speaking, acute administration of low-to-moderate doses of amphetamine (0.25-1.0 mg/kg) or methamphetamine (0.3-2.0 mg/kg) produces an increase in horizontal and vertical activity whereas acute administration of high doses of amphetamine (e.g. 10 mg/kg) or methamphetamine (> 3.0 mg/kg) produce stereotypy (e.g. repetitive head and limb movement, sniffing and licking; see Segal and Kuczenski, 1994 for a review; Gentry et al., 2004; Hall et al., 2008) . With repeated administration of low-tomoderate doses of amphetamine or methamphetamine, the increase in horizontal and vertical activity is augmented (see Segal and Kuczenski, 1994 for a review; Hall et al., 2008) . Repeated administration of high doses of methamphetamine (e.g. 4 mg/kg) similarly results in augmented stereotypy (Hirabayashi and Alam, 1981) .
Temporal factors are other important experimental parameters that have been shown to influence the development and persistence of psychostimulant sensitization (see Robinson and Becker, 1986 for a review). For example, it has been shown that intermittent administration of amphetamine or methamphetamine produces greater behavioral sensitization than continuous administration (Post, 1980; Hirabayashi and Alam, 1981) . Hirabayashi and Alam (1981) found that intermittent administration (3-4 or 7 days apart) of methamphetamine (e.g. 2.0 mg/kg) in mice for 10 days produced more robust behavioral sensitization compared with when the methamphetamine was administered continuously. Other research has shown that lengthening the time of drug withdrawal enhances behavioral sensitization (Hitzeman et al., 1980; Kolta et al., 1985) . For example, Kolta et al. (1985) observed more robust behavioral sensitization after 15 or 30 days of withdrawal from continuous amphetamine administration compared with 3 days of withdrawal. In addition, the pharmacological, sensitized response, after continuous administration of methamphetamine (2 or 4 mg/kg), has been shown to persist for up to 2 months after drug withdrawal; however, no enhancement was detected (Hirabayashi and Alam, 1981) .
Although behavioral sensitization reflects, in part, an unconditioned (i.e. pharmacological) action of psychostimulants, the enhanced responsiveness to the drug also reflects nonpharmacological, associative learning processes (i.e. classical conditioning; see Anagnostaras and Robinson, 1996 for discussion of the role of classical conditioning in behavioral sensitization). That is, after repeated pairings of the environment [locomotor activity chamber; conditioned stimulus (CS)] with the locomotoractivating effects of the drug [e.g. methamphetamine; unconditioned stimulus (US)], the chamber itself will elicit an increase in activity [i.e. a conditioned hyperactive response; conditioned response (CR)] relative to a control group. Interestingly, the contribution of associative learning processes to drug sensitization (for recent reviews see Bradberry, 2007; Leyton, 2007) and drug addiction in people (Robinson and Berridge, 1993;  see Robinson and Berridge, 2008 for a recent discussion of the role of conditioned stimuli within the incentive sensitization theory of drug addiction) has been suggested.
The training psychostimulant dose not only affects the development of the pharmacological, sensitized response, but also seems to influence the development of conditioned hyperactivity. Both low-to-moderate doses of amphetamine or methamphetamine have been shown to produce conditioned hyperactivity in rats (Tilson and Rech, 1973; Alam, 1981; Schiff, 1982; Mazurski and Beninger, 1987) or mice (Itzhak, 1997; Itzhak and Martin, 2000) . For example, Bevins and Peterson (2004) examined the development of methamphetamine-conditioned hyperactivity in rats, as defined by the total number of photobeam breaks, following a range of doses (0.0625-1.0 mg/kg). They found that moderate methamphetamine doses (0.25-1.0 mg/kg) produced conditioned hyperactivity. Along similar lines, Hall et al. (2008) found that moderate methamphetamine doses (0.5 and 1.0 mg/kg) produced conditioned hyperactivity in rats, as measured by distance traveled and vertical activity (i.e. rearing). Using higher amphetamine doses (0.8-4.7 mg/kg), Schiff (1982) found that these amphetamine doses produced conditioned hyperactivity, as measured by various behaviors indicative of stereotypy (i.e. head bobbing and sniffing) and general activity (horizontal activity and rearing).
With the exception of the CS-US interval (Pickens and Crowder, 1967) , little research has systematically explored temporal injection parameters in the development and persistence of psychostimulant-conditioned hyperactivity. A number of studies have shown that conditioned hyperactivity is detected following continuous amphetamine (Pickens and Crowder, 1967; Tilson and Rech, 1973; Gold et al., 1988) or methamphetamine (Itzhak, 1997; Itzhak and Martin, 2000; Bevins and Peterson, 2004; Hall et al., 2008) administration; and intermittent administration of amphetamine has produced conditioned hyperactivity in rats (Mazurski and Beninger, 1987) . Importantly, in most studies examining the persistence of conditioned hyperactivity after psychostimulant administration the test for conditioned hyperactivity occurs shortly after drug withdrawal (1-4 days) (Tilson and Rech, 1973; Mazurski and Beninger, 1987; Gold et al., 1988; Itzhak, 1997; Itzhak and Martin, 2000; Bevins and Peterson, 2004; Hall et al., 2008) . Interestingly, only a few studies have examined conditioned hyperactivity after longer periods of drug withdrawal and they have found that the response persists. For example, Borgkvist et al. (2008) found that conditioned hyperactivity was not diminished after 28 days of withdrawal from morphine.
The primary purpose of these experiments was to characterize behaviorally, using a number of measures, the development and persistence of the conditioned hyperactivity to methamphetamine in Swiss-Webster mice. To date, the majority of psychostimulant conditioned hyperactivity experiments have been done using rats as experimental subjects, with fewer studies using mice, particularly the Swiss-Webster strain (Itzhak, 1997; Itzhak and Martin, 2000) . Methamphetamine-conditioned hyperactivity has been observed in Swiss-Webster mice; however, only a single training methamphetamine dose (1.0 mg/kg) and a single behavioral measure (ambulatory counts) were used in the experiment (Itzhak, 1997) . To our knowledge, methamphetamineconditioned hyperactivity in Swiss-Webster mice has not been systematically examined. Thus, to this end, we behaviorally characterized the development of conditioned hyperactivity across a wide, methamphetamine dose-response range (0.25-2.0 mg/kg), varying the temporal injection parameters (continuous; experiment 1 or intermittent; experiment 2), and the comparison control group (saline; experiment 1 or unpaired; experiment 2). Finally, we behaviorally characterized the persistence of the methamphetamine-conditioned hyperactive response after sensitization to a single methamphetamine dose (1 mg/kg; experiment 3). In this latter experiment, we also examined the persistence of the pharmacological aspect of methamphetamine sensitization. A multiplemeasures approach was taken, as certain measures may be more sensitive in detecting contextually conditioned effects (Bevins et al., 1997) . Thus, in all experiments, measures indicative of rearing (vertical counts), speed (velocity), and overall activity (distance traveled) were electronically recorded. Due to the relatively low-to-moderate methamphetamine doses chosen, it was anticipated that little stereotypy would be observed. Furthermore, to determine the temporal topography of the methamphetamineconditioned hyperactive response, time course analyses were performed on all behaviors in each experiment.
Methods Subjects
A total of 96 male Swiss-Webster mice, obtained from Charles River Laboratories (Raleigh, North Carolina, USA), were used in the experiments. At the start of the experiment, the mice weighed approximately 30-40 g. Mice were group housed (four/tub) in translucent polysulfone tubs measuring 157.3 Â 71 Â 210.4 cm (length Â width Â height), lined with paper bedding, and contained within a ventilated-caging system (FA72-UD-WB, Alternative Design Mfg, Siloam Springs, Arkansas, USA) which cycled 30 air changes/hour into the tubs. The room containing the ventilated cages was maintained at approximately 211C and the lights were automatically controlled on a 12 : 12-light/dark cycle. All experiments were conducted during the light phase of the cycle. The mice were allowed free access to food (Purina Rodent Chow) and water for the duration of the experiment. These experiments were approved by the Dickinson College Animal Care and Use Committee. All experiments conform to the guidelines established by the NIH Guide for the Care and Use of Laboratory Animals (1996 Edition) and the APA Ethical Principles of Psychologists and Code of Conduct. In all experiments, mice acclimated to the animal colony for 1 week after arrival. During the acclimation period, mice were handled for 1 min for four consecutive days.
Apparatus
Eight open-field activity chambers (MED-OFA-510, Med-Associates, Burlington, Vermont, USA) were used. The compartment walls were constructed with Plexiglas and the inside dimensions were 27.9 Â 27.9 cm (length Â width). For the duration of the recording period, a home-made Plexigas cover (with holes) was placed over the tops of the chambers. Locomotor activity was determined by three, 16-beam infrared arrays (x, y, and z axes) and photobeam breaks were recorded by a personal computer (MED-PC Activity Software) located in the same room as the chambers. The chambers were cleaned with a disinfectant solution (Precise QTB/Caltech, Midland, Michigan, USA) after each 30-min locomotor activity session. The locomotor activity chambers were housed in soundattenuating chambers (MED-OFA-022, Med-Associates) measuring 22 Â 14 Â 15 inches (length Â width Â height). The sound-attenuating chambers were equipped with two small lights and fans. The fans provided an ambient background noise of approximately 70 dB. To provide an olfactory cue, a small capful of pure anise (McCormick, Hunt Valley, Maryland, USA) was placed outside the activity chambers, but within the sound-attenuating cubicles, at the beginning of each locomotor activity session.
Behavioral measures
The following behavioral measures were recorded in each experiment. These behaviors were electronically recorded using Med-PC Software (Med-PC Activity Monitor, version 5) and were defined by the breakage of photobeams. The definitions below are taken from the owner's manual that accompanies the Med-PC Activity Monitor (version 5) program.
(1) Vertical counts: the number of periods of continuous beam breaks reported by the 'Z' infrared array.
(2) Velocity (cm/sec): the average velocity for each data block and total for the session. (3) Distance traveled: distance traveled is defined by the combination of Box Size and Resting Delay parameters. This creates a threshold, and the subject must move a specified distance (Box Size) in a defined period of time (Resting Delay) to maintain ambulatory movement status.
Experiment 1: development of methamphetamineconditioned hyperactivity after eight continuous conditioning sessions
After the acclimation period, the experiment consisted of three phases: habituation, conditioning, and test. The habituation phase lasted for one session and all mice were given an injection [(subcutaneous (SC)] of vehicle (physiological saline) before placement in the locomotor activity chambers for a 30-min period. Twenty-four hours after the habituation session, the conditioning phase began. During the conditioning phase, mice (n = 9-10/ dose) received injections (SC) of either vehicle (physiological saline) or methamphetamine (0.5, 1.0, or 2.0 mg/kg) and were placed immediately in the locomotor activity chambers for 30-min periods on eight consecutive conditioning sessions, spaced 24 h apart. Twenty-four hour after the last conditioning session, a test for conditioned hyperactivity session was conducted in which all mice received an injection (SC) of vehicle and was placed immediately in the locomotor activity chambers for a 30-min period. 
Results
In all experiments, analyses of the velocity measure did not show any reliable group differences. Thus, statistical and graphical presentations of the results of this measure were omitted for the sake of brevity.
Experiment 1: development of methamphetamineconditioned hyperactivity after eight continuous drug-conditioning sessions Experimental error resulted in the elimination of two mice from the experiment. Therefore, the data for these subjects were removed and the data for only 38 subjects were analyzed.
Distance traveled
The two-way ANOVA showed a significant dose Â session minute interaction, F(15,170) = 2.9, P value of less than 0.001. Follow-up analyses showed that all methamphetamine doses differed from the vehicle control dose during the first 5-min bin; however, only the lowest methamphetamine dose (0.5 mg/kg) differed from the vehicle control dose during the second 5-min bin, P value of less than 0.05. No other group differences were detected during any of the remaining session minutes (Fig. 1a ).
Vertical counts
The two-way ANOVA showed a significant dose Â session minute interaction, F(15,170) = 1.87, P value of less than 0.05. Follow-up analyses showed that the low (0.5 mg/kg) and high (2.0 mg/kg) methamphetamine doses differed from the vehicle control dose during the first 5-min bin, P value of less than 0.05. The moderate methamphetamine dose (1.0 mg/kg) also differed from the vehicle control dose, but this difference failed to reach significance, P = 0.073. Reliable differences between doses were not detected in any of the remaining session minutes (Fig. 1b ). The two-way ANOVA showed significant main effects of dose and session minute, F greater than 3.6, P value of less than 0.05, and a significant dose Â session minute interaction, F(20,135) = 2.4, P value of less than 0.01. Follow-up analyses showed that only the high methamphetamine dose (1.0 mg/kg) differed from the unpaired control group during session minutes 5, 10, 15, and 25, P value of less than 0.05 ( Fig. 2a ).
A two-way ANOVA failed to detect any reliable differences with respect to dose, F value of less than 1.1 (Fig. 2b ).
Experiment 3: persistence of methamphetamineconditioned hyperactivity after four intermittent drug-conditioning sessions Tests for conditioned hyperactivity Distance Traveled. The three-way ANOVA yielded significant main effects of session minute, F(5,100) = 50.5, P value of less than 0.001, conditioning, F(1, 20) = 46.8, P value of less than 0.001, time of test, F(1, 20) = 9.8, P value of less than 0.01, and only a significant conditioning Â session minute interaction, F(5,100) = 10.2, P value of less than 0.001. Follow-up contrasts involving independent-samples t-tests showed that paired-immediate mice were more active than unpaired-immediate mice for the entire session whereas paired-delay mice were more active than their unpaired-delay counterparts for session minutes 5-25, ts(10) greater than 2.5, P value of less than 0.05 (Fig. 3a) . The significant main effect of time of test, and the nonsignificant conditioning Â time of test interaction, suggests that mice tested after the 28-day drug withdrawal period (delay) were less active than those mice tested 1 day after drug withdrawal (immediate) regardless of their conditioning history. Indeed, follow-up independent samples t-tests, conducted on the distance traveled of the entire 30-min session, showed that delay mice were less active than their immediate counterparts, ts(10) greater than 2.1, P value of less than or equal to 0.05, suggesting that the decrease in locomotor activity after the 28-day drug withdrawal period was due to nonassociative factors (Fig. 3b) .
Vertical Counts. The three-way ANOVA yielded significant main effects of session minute, F(5,100) = 5.6, P value of less than 0.001, conditioning, F(1,20) = 12.5, P value of less than 0.01, and time of test, F(1,20) = 14.4, P = 0.001. Follow-up contrasts involving independent samples t-tests showed that paired-immediate mice were more active than unpaired-immediate mice during the first 5 min of the session whereas paired-delay mice were more active than their unpaired-delay counterparts for session minutes 5-20, ts(10) greater than 2.25, P value of less than 0.05 (Fig. 3c ). Similar to the distance traveled measure, the significant main effect of time of test, and the nonsignificant conditioning Â time of test interaction, suggest that mice tested after the 28-day drug withdrawal period (delay) were less active than those mice tested 1 day after drug withdrawal (immediate) regardless of their conditioning history. However, follow-up independent samples t-tests, conducted on the entire 30-min session, showed that only unpaired-delay mice were less active than their unpaired-immediate counterparts, t(10) = 3.45, P value of less than 0.01: paired-delay mice did not differ from their paired-immediate counterparts, P = 0.08 ( Fig. 3d ).
Tests for methamphetamine sensitization
Distance Traveled. The three-way ANOVA yielded only a significant main effect of session minute, F(5,100) = 5.5, P value of less than 0.001, conditioning, F(1,20) = 6.4, P value of less than 0.05, and conditioning Â session minute interaction, F(5,100) = 2.9, P value of less than 0.05. Follow-up contrasts involving independent samples t-tests showed that paired-immediate mice were more active than unpaired-immediate mice during session minutes 10-30, ts(10) greater than 2.2, P value of less than 0.05, whereas paired-delay mice did not differ from their unpaired-delay counterparts at any time point. Neither the main effect of time of test nor the conditioning Â time of test interaction was significant. The significant main effect of conditioning, combined with the nonsignificant conditioning Â time of test interaction, suggests that paired mice were more active than unpaired mice regardless as to when they were tested (Fig. 4a) .
Vertical Counts. The three-way ANOVA yielded significant main effects of conditioning, F(1,20) = 5.5, P value of less than 0.05, and time of test, F(1,20) = 10.4, P value of less than 0.01. Follow-up contrasts involving independent samples t-tests showed that paired-delay mice were more active than unpaired-delay mice during session minutes 5 and 10, ts(10) greater than 2.2, P value of less than 0.05, whereas paired-immediate mice did not differ from the unpaired-immediate mice on any time point. The significant main effect of conditioning suggests that paired mice were more active than unpaired mice, and the significant main effect of time of test suggests that immediate mice were more active than their delay counterparts. The failure to detect a significant conditioning Â time of test interaction suggests that the decrease in locomotor activity in the delay mice compared with the immediate mice was due to nonassociative factors (Fig. 4b ).
Discussion
In experiment 1, we found that all methamphetamine doses tested (0.5-2.0 mg/kg) produced conditioned hyperactivity, as detected by the distance traveled measure. Moreover, the conditioned hyperactive response was more pronounced very early in the session (i.e. the first 5 min). The vertical counts measure detected conditioned hyperactivity only for the low (0.5 mg/kg) and high (2.0 mg/kg) methamphetamine doses, with the response again being confined to the very early part Test for conditioned hyperactivity in experiment 2. Distance traveled (cm) (a) and the number of vertical counts (b) on the test session. The symbol *denotes a significant difference between the moderate (1.0 mg/kg) methamphetamine (Meth) dose and the unpaired control group, P < 0.05.
Methamphetamine-conditioned hyperactivity Rauhut and Bialecki 233 of the session. (This measure also suggested conditioned hyperactivity at the moderate methamphetamine dose, 1.0 mg/kg, but this difference failed to reach statistical significance, P = 0.073.) These results are similar to the study by Bevins and Peterson (2004) , which found that methamphetamine produced conditioned hyperactivity at moderate methamphetamine doses (0.25-1.0 mg/kg), as measured by the total number of photobeam breaks, after eight continuous conditioning sessions. The results of this experiment are also consistent with the study by Itzhak (1997) , which found that a moderate methamphetamine dose (1.0 mg/kg) produced conditioned hyperactivity, as measured by ambulatory counts, in Swiss-Webster mice; however, the study by Itzhak (1997) did not assess the temporal pattern of the CR. The results of this experiment add to the methamphetamine-conditioned hyperactivity literature, showing the temporal pattern of the CR, a temporal conditioned hyperactivity pattern observed by other drugs of abuse (e.g. amphetamine, Mazurski and Beninger, 1987) . Thus, when the results of experiment 1 are viewed in tandem with the results of earlier studies, they suggest that moderate methamphetamine doses produce conditioned hyperactivity and behavioral measures indicative of overall activity (e.g. distance traveled) and rearing (e.g. vertical counts) are sensitive in detecting such conditioned hyperactivity early in the session in mice.
In experiment 2, we found methamphetamine produced a conditioned hyperactive response in mice in a dosedependent manner, with only the high methamphetamine dose (1.0 mg/kg) being effective. Lower methamphetamine doses (0.25 and 0.5 mg/kg) failed to produce conditioned hyperactivity. Moreover, only the distance traveled measure detected the conditioned hyperactive response and the time course analysis showed that the Test for conditioned hyperactivity in experiment 3. Distance traveled (cm) (a, b) and the number of vertical counts (c, d) during the entire 30-min session (b,d) or in 5-min bins (a, c) for mice tested 1 (immediate) or 28 (delay) days after drug withdrawal. The symbols * and # denote significant differences between the paired-immediate and paired-delay mice, respectively, and their unpaired counterparts, P < 0.05. The brackets denote a significant difference between immediate mice and their delay counterparts, P < 0.05.
response persisted for most of the 30-min session. Neither the vertical counts measure nor the velocity measure detected conditioned hyperactivity. The dose-dependent nature of the conditioned hyperactive response partially resembles the findings by Bevins and Peterson (2004) .
In that study, Bevins and Peterson (2004) found that a very low methamphetamine dose (0.0625 mg/kg) failed to produce conditioned hyperactivity in rats whereas low-tomoderate methamphetamine doses (0.25-1.0 mg/kg) produced it. The reason that Bevins and Peterson (2004) found a conditioned hyperactive response following low-tomoderate methamphetamine doses (0.25-0.5 mg/kg) and this study did not most likely stems from either species differences (rat vs. mouse) and/or differences in the number of conditioning sessions (eight vs. four) between the two studies: the latter variable has been shown to influence the magnitude of the conditioned hyperactive response .
Earlier research that has shown methamphetamineconditioned hyperactivity in mice used a vehicle control condition (Itzhak, 1997) . In experiment 2, however, we used an explicitly unpaired control group, a control group that has been widely used in conditioned hyperactivity experiments and is generally thought of as a better control group than the vehicle control group, as it equates the experimental and control groups with respect to their pharmacological histories (see Bardo and Bevins, 2000 for a discussion of appropriate control groups in classical conditioning paradigms involving contextual stimuli and drugs). The finding that mice that were administered the high methamphetamine dose (1.0 mg/kg) were more active than the unpaired mice, and the latter mice did not differ from vehicle control mice, provides strong evidence that the increase in locomotor activity in paired mice stems from associative learning processes.
Direct comparisons between experiments 1 and 2 are made difficult by the several parametric differences between the two experiments: the experiments differed in terms of (i) the temporal injections parameters (continuous; experiment 1 or intermittent; experiment 2), (ii) the number of conditioning sessions (eight; experiment 1 or four; experiment 2), and (iii) the comparison control group (saline; experiment 1 or unpaired; experiment 2). Despite these parametric differences, the results of these two experiments suggest a number of conclusions. First, robust conditioned methamphetamine hyperactivity can be obtained after either continuous (experiment 1) or intermittent (experiment 2) conditioning. Second, relatively moderate methamphetamine doses (0.5-2.0 mg/kg) produce conditioned hyperactivity, as detected by behavioral measures indicative of nonstereotypic behaviors (i.e. general locomotor activity and rearing). In neither experiment did the velocity measure detect conditioned hyperactivity. Thus, while it has been shown that velocity can detect the unconditioned (pharmacological), locomotor-activating effect of psychostimulants (Flagel and Robinson, 2007) , this measure is not sensitive enough to detect the conditioned hyperactive effects of psychostimulants. Third, the number of conditioning sessions influences the development of the CR, an observation consistent with other conditioned hyperactivity studies Test for methamphetamine sensitization in experiment 3. Distance traveled (cm) (a) and the number of vertical counts (b) for mice tested 1 (immediate) or 28 (delay) days after drug withdrawal. The symbols * and # denote significant differences between the paired-immediate and paired-delay mice, respectively, and their unpaired counterparts, P < 0.05.
Methamphetamine-conditioned hyperactivity Rauhut and Bialecki 235 . For example, Michel et al. (2003) has shown that conditioned hyperactivity is detected after six or 12, but not three, conditioning sessions. Moreover, the CR was most robust after 12, as compared with six, conditioning sessions in this study.
To our knowledge, no studies have examined the persistence of methamphetamine-conditioned hyperactivity in mice. In experiment 3, we found that conditioned hyperactivity persisted after 28 days of drug withdrawal. Similar to experiment 2, the distance traveled measure detected conditioned hyperactivity when mice were tested 1 day (immediate) or 28 days (delay) after drug withdrawal. Furthermore, the vertical counts measure did not detect a difference between paired and unpaired mice when tested 1 day (immediate) after drug withdrawal, similar to experiment 2. However, unlike experiment 2, the vertical counts measure detected differences between paired and unpaired mice when tested 28 days after drug withdrawal (delay), suggesting that this measure can detect conditioned hyperactivity under certain temporal testing conditions.
The finding in this study that conditioned hyperactivity persisted for 28 days after drug withdrawal is consistent with an earlier conditioned hyperactivity study (Borgkvist et al., 2008) . However, unlike Borgkvist et al. (2008) , we found that the CR was diminished after the 28-day withdrawal period and that the diminution of the CR was due to nonassociative factors, as a diminution in activity also was observed in unpaired mice after a 28-day period of drug withdrawal. At present, it is unclear as to why the CR was diminished in experiment 3. However, it should be noted that with respect to another, contextually mediated classical conditioning paradigm involving drugs (i.e. conditioned place preference), studies have found that the CR is diminished (Lu et al., 2000a (Lu et al., , 2000b (Lu et al., , 2001 , remains the same (Mucha and Iversen, 1984; Mueller and Stewart, 2000; Mueller et al., 2002) , or is enhanced (Shaham and Hope, 2005; Lu et. al., 2006 ; see below for an elaboration on this point) after prolonged periods of drug withdrawal. These latter results suggest that the vagaries of the experimental parameters may influence the strength of the CR after prolonged periods of drug withdrawal in contextually mediated classical conditioning paradigms.
In experiment 3, we also found that the pharmacological, sensitized response persisted after 28 days of drug withdrawal. However, similar to the CR, the pharmacological, sensitized response was diminished due to nonassociative factors. This latter result was surprising, as a number of studies have shown that the pharmacological, sensitized response is enhanced after periods of drug withdrawal for more than 14 days (Hitzeman et al., 1980; Kolta et al., 1985;  see Robinson and Becker, 1986 for a review). For example, Kolta et al. (1985) observed more robust behavioral sensitization after 15 or 30 days, compared with 3 days, of withdrawal from continuous amphetamine administration. The failure to detect an enhancement in behavioral sensitization after the 28-day withdrawal period may be unique to methamphetamine. Indeed, an earlier study found that continuous administration of methamphetamine (2 or 4 mg/kg) persisted for up to 2 months after drug withdrawal; however, no enhancement was detected (Hirabayashi and Alam, 1981) . Alternatively, the failure to detect an enhanced sensitized response to methamphetamine may stem from the dose of methamphetamine selected (e.g. 1.0 mg/kg) and/or the temporal parameters chosen (e.g. four intermittent conditioning sessions). These ideas are speculative and require further empirical support.
Theoretical implications
The role of associative learning processes in the development and persistence of behavioral sensitization has been a matter of debate. Traditionally, the increase in locomotor activity after drug conditioning observed either when the activity chamber alone is presented in the absence of the psychostimulant drug, as in experiments 1 and 2 of this study, or when the test for pharmacological sensitization compares subjects that underwent sensitization in the test environment to subjects that did not, as in the methamphetamine challenge test days of experiment 3, is interpreted to reflect associative learning processes. With respect to conditioned hyperactivity, this interpretation has been termed the 'excitatory classical conditioning hypothesis' (see Tirelli et al., 2005 for recent discussion of this hypothesis as it pertains to conditioned hyperactivity). However, other interpretations have been offered (e.g. see Ahmed et al., 1995 for a review of a habituation account of conditioned hyperactivity). Indeed, it has been argued that the increase in locomotor activity at the time of test for conditioned hyperactivity does not reflect a classically CR; and hence, does not stem from associative learning processes (Ahmed et al., 1995 (Ahmed et al., , 1998 Tirelli et al., 2003 Tirelli et al., , 2005 . Moreover, it has been argued that associative learning processes do not contribute to the increase in locomotor activity at the time of a pharmacological challenge to test for behavioral sensitization (Tirelli et al., 2005) .
The results of these experiments lend support to the excitatory classical conditioning interpretation and buttress the claim that associative learning processes contribute to behavioral sensitization. First, methamphetamine conditioned hyperactivity was dose-dependent under certain experimental conditions (experiment 2). Second, the methamphetamine conditioned hyperactive response was more robust after eight (experiment 1) as compared with four (experiment 2) conditioning sessions. (Admittedly, as previously noted, experiments 1 and 2 differed in other ways beyond the number of trials sessions that limit direct comparisons between the experiments). Third, conditioned hyperactivity persisted for up to 28 days after methamphetamine withdrawal (experiment 3). These observations are similar to the results of other conditioned hyperactivity studies that have shown that the CR varies as a function of the (i) intensity of the US (Michel and Tirelli, 2002) , and (ii) the number of conditioning sessions , and (iii) the CR persists over time (Tirelli et al., 2005) , well-established characteristics of classical conditioning (Domjan, 2010) .
In summary, these experiments found that various factors influenced the development of the conditioned hyperactive response after methamphetamine administration in Swiss-Webster mice. Furthermore, the conditioned hyperactive response persisted, though weakened by nonassociative factors, for 28 days after methamphetamine administration. Behavioral measures of general activity (e.g. distance traveled) and rearing (e.g. vertical counts) detected conditioned hyperactivity, though these measures were differentially sensitive in detecting such activity, further stressing the need for multiple dependent measures when assessing contextually conditioned effects (Bevins et al., 1997) . Although the nature of the increase in locomotor activity at the time of test for conditioned hyperactivity, and the contribution of associative learning processes to behavioral sensitization, remains a matter of debate, the preponderance of evidence supports an excitatory classical conditioning interpretation. On balance, this evidence suggests that the conditioned hyperactive response follows principles of classical conditioning. For example, the conditioned hyperactive response (i) weakens when the conditioned environment is presented repeatedly in the absence of the drug (i.e. extinction; Hinson and Poulos, 1981; Michel et al., 2003) , (ii) is influenced by the CS-US interval (Pickens and Crowder, 1967) , and (iii) weakens when the contextual cues are repeatedly presented, in the absence of the US, before conditioning (i.e. the CS pre-exposure effect; Drew and Glick, 1988) . The novel results of these experiments lend further theoretical support for the excitatory classical conditioning interpretation of conditioned hyperactivity.
